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Abstract
Species ranges are expected to expand along their cooler boundaries in response to rising
temperatures associated with current global climate change. However, this ‘fingerprint’
of climate change is yet to be assessed for an entire flora. Here, we examine patterns of
altitudinal range change in the complete native vascular flora of sub-Antarctic Marion
Island. We demonstrate a rapid mean upslope expansion in the flora since 1966, in
response to 1.2 1C warming on the island. The 3.4 0.8 m yr1 (mean SE) upslope
expansion rate documented is amongst the highest estimates from partial floras. How-
ever, less than half of the species in the flora were responsible for the expansion trend,
demonstrating that the global fingerprint of warming may be driven by a highly
responsive subset of the species pool. Individual range expansion rates varied greatly,
with species-specific niche requirements explaining some of this variation. As a result of
the idiosyncratic expansion rates, altitudinal patterns of species richness and community
composition changed considerably, with the formation of no-analog communities at high
and intermediate altitudes. Therefore, both species- and community-level changes have
occurred in the flora of Marion Island over a relatively short period of rapid warming,
demonstrating the sensitivity of high latitude communities to climate change. Patterns of
change within this flora illustrate the range of variation in species responses to climate
change and the consequences thereof for species distributions and community
reorganization.
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Introduction
The expansion of species distributions along their cooler
boundaries in response to rising temperatures appears to
be a consistent biological consequence of recent climate
warming (Root et al., 2003; Parmesan, 2006). This ‘finger-
print’ of global warming is evident in response to both
past climatic fluctuations (Huntley, 1991; Davis & Shaw,
2001) and current climate change. Many species have
expanded their latitudinal ranges poleward and their
altitudinal distributions upslope in response to higher
temperatures (e.g. 81% of 460 species with long-term
range changes; Parmesan & Yohe, 2003). This is well-
documented for the latitudinal ranges of a variety of taxa
(Parmesan, 2006). Comparatively few studies have con-
sidered altitudinal range expansion in response to current
warming (Shoo et al., 2006), although these show a
relatively consistent pattern of upslope range expansion
by species to cooler elevations (e.g. Kullman, 2002;
Klanderud & Birks, 2003; Konvicka et al., 2003; Wilson
et al., 2005; although see also Archaux, 2004). However,
the response of a complete vascular flora to warming is
yet to be documented for either latitudinal or altitudinal
shifts.
One of the primary limitations to documenting
changes in species distributions in response to climate
change is the availability of accurate historic data to
provide a baseline against which recent changes can be
measured (Shoo & Williams, 2004; Tryjanowski et al.,
2005). Historical distribution data are often scarce and
limited to common, conspicuous and/or economically
important species (e.g. butterflies, birds, trees and
alpine herbs in terrestrial systems; Parmesan, 2006). In
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consequence, current rates of range expansion and the
proportion of species with shifting distributions are
estimated from subsets of local flora and fauna. How-
ever, as the species for which data are available are
generally nonrandom taxon subsets, their response to
warming is unlikely to be representative of the full
community. Specifically, the traits that cause a species
to be common or conspicuous, and hence historically
well known, might also contribute to determining its
responsiveness to changes in climate.
Indeed, individualistic species responses to warming
have been widely observed, highlighting the variation
within taxa to changes in climate (Warren et al., 2001;
Walther, 2004; McGeoch et al., 2006; Parmesan, 2006).
Individualistic responses are determined, at least in
part, by species-specific physiological tolerances, biotic
interactions and habitat requirements (Davis et al., 1998;
Davis & Shaw, 2001; Walther, 2004; Parmesan, 2006). As
a result, biological responses to climate warming are
mediated by concurrent changes in other environmental
factors. For example, strengthening winds have inhib-
ited upslope colonization by some tree species on
exposed slopes in the Scandes, despite warming facil-
itating upslope range expansion by the same species
along more sheltered slopes (Kullman, 2006; see also
Saetersdal & Birks, 1997; Cannone et al., 2007). Similarly,
warmer temperatures were expected to trigger butterfly
range expansions across England, but habitat destruc-
tion led to range contraction in the majority of species
investigated (Warren et al., 2001; see also Franco et al.,
2006). Species-specific responses to a range of environ-
mental factors may thus contribute to differential rates
of range expansion and must be considered alongside
climate as possible drivers of distribution change.
The community-level consequences of species-speci-
fic range changes are predicted to include the formation
of no-analog communities, where extant species will
co-occur in historically unknown combinations (Hunt-
ley, 1991; Walther, 2004; Kullman, 2006). However, the
degree to which community reorganization is occurring
(and will occur) is unsure, in part due to uncertainties
about species-level responses (Williams & Jackson,
2007). For example, it has been suggested that in some
communities rare species will increase in dominance,
driving changes in community dominance patterns
(Walther, 2004). Thus, to avoid potential biases towards
the responses of common or conspicuous (i.e. histori-
cally well known) species, assessments of community-
level responses to climate change require examination
of either (1) random subsets of species or (2) entire
communities (see e.g. Wilson et al., 2007).
Here, we test if changes in the altitudinal range of a
native vascular flora in the Antarctic (sub-Antarctic
Marion Island) are consistent with the fingerprint of
upslope range expansion in response to climate warm-
ing. Current and historic upper altitudinal limits were
compared at three spatial scales, providing the first
assessment of an entire flora’s response to recent
changes in climate, considered over a 40-year period
of rapid warming. Data for the entire indigenous vas-
cular flora were also used to examine changes in com-
munity structure, by testing if the altitudinal patterns of
species richness and community composition changed
between 1966 and 2006. At the same time, we examined
if altitudinal range changes are related to concurrent
changes in the island’s rainfall regime, wind patterns
and manuring by seabirds, all of which are expected to
cause downslope range contraction in some species.
Our results show clear species- and community-level
changes in the flora in response to climate warming,
with a highly responsive subset of the community
driving significant upslope range expansion and the




Marion Island (461540S, 371450E; 290 km2) is the larger of
the two islands comprising the Prince Edward Islands
group, located in the southern Indian Ocean. The island
is of relatively recent volcanic origin (roughly 450 000
years old; McDougall et al., 2001), and has an oceanic
climate, with cold but stable temperatures, and high
winds, humidity and rainfall. As for much of the sub-
Antarctic region, the island has experienced rapid
changes in climate over the last 50 years, with the island
warming by 1.2 1C between 1965 and 2003 at a rate
nearly double the global warming average (Smith,
2002; le Roux & McGeoch, 2008a). In addition, the island
has experienced a 20% decline in rainfall, increased
intervals between rainfall events and a shift to more
frequent northerly winds (Smith, 2002; Rouault et al.,
2005; le Roux & McGeoch, 2008a). Warmer temperatures
have been predicted to cause the upslope expansion of
temperature-limited plants on the island (Smith & Steen-
kamp, 1990), while species that are sensitive to rainfall
and wind patterns have been predicted to retreat down-
slope to wetter, coastal sites or more sheltered areas
(le Roux & McGeoch, 2008a; see also Smith et al., 2001).
The island hosts 22 indigenous vascular plant species
(12 exotic species and four species of unknown origin
also occur on the island) and approximately 200 bryo-
phyte and lichen species (Gremmen & Smith, 2004).
Four subsets of vascular species can be identified based
on habitat requirements. (1) Species that are generally
restricted to nutrient-enriched environments (i.e. copro-
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philous species, requiring soils enriched by manuring;
n 5 3). (2) Species that are generally restricted to high
moisture levels (i.e. aquatic and mire species: hygrophi-
lous species; n 5 4). (3) Species that are restricted to
saline salt-spray habitats (i.e. halophilous species,
requiring wind-blown salt input; n 5 2) (Huntley, 1971).
Because of their habitat requirements, these three subsets
of species can be considered habitat specialists, with
their distributions assumed to be disproportionately
sensitive to changes in manuring intensity, rainfall and
wind-transported salt-spray, respectively. The fourth
subset of the flora includes the remaining 13 species that
are comparative habitat generalists. Five species dom-
inate vascular plant standing crop and aerial cover:
Acaena magellanica, Agrostis magellanica, Azorella selago,
Blechnum penna-marina, Poa cookii (Smith, 1976b).
In addition to changes in climate, other anthropo-
genic environmental changes on the island have either
been minimal (e.g. habitat transformation) or well-
documented (e.g. introduction of alien species; Chown
& Smith, 1993; Gremmen & Smith, 1999; see also Berg-
strom & Chown, 1999). The alien plant species intro-
duced to the island are unlikely to have affected the
upper altitudinal limit of native species, as nonnative
plants are uncommon at intermediate and high alti-
tudes. For example, the highest altitude at which a
nonnative species was recorded was 508 m a.s.l., while
the next highest species was observed only at 382 m
(P. C. le Roux, personal observation). Even at lower
altitudes, alien plant species dominate o1% of the
island (Gremmen, 1997) and are therefore unlikely to
have altered the lower altitudinal limit of any native
species.
By contrast, the introduction of feral cats (Felis catus;
introduced in 1949, eradicated in 1991) to the island
could have had an impact on the elevational range of
native species. Marion Island is a breeding ground for 29
species of pelagic birds, which are an important source
of allochthonous nutrients to the terrestrial ecosystem
(Smith, 1978). These ocean-derived nutrient inputs sub-
stantially alter soil nutrient levels due to low inorganic
nitrogen and phosphorus content of the island’s soils,
affecting both plant community composition and plant
nutrient status (Smith, 1976a, 1978). However, predation
by feral cats on burrowing seabirds lowered the
allochthonous nutrient inputs to the island by 9.5 tonnes
(dry mass) per year (Burger et al., 1978), thus reducing
the suitable habitat for coprophilous plant commu-
nities (for similar examples see Norton et al., 1997; Croll
et al., 2005). Indeed, the spatial extent of tussock grass-
land, a vegetation type dominated by the coprophilous
grass P. cookii, has shrunk considerably on Marion Island
over the last 30 years (Smith et al., 2001). In conse-
quence, it is expected that the altitudinal distribution
of coprophilous species will have contracted (or at least
their range expansion in response to warming may have
been constrained) in response to the decline in the
availability of nutrient-enriched habitats. Therefore,
changes in the island’s rainfall and wind regimes and
reduced habitat availability for coprophilous plant spe-
cies represent three potential mechanisms that could
have driven altitudinal range contractions, lowering
the upper elevational limits of the vascular plants on
Marion Island, in contrast to the changes predicted in
response to warming temperatures.
Data collection
To determine changes in the upper altitudinal limits of
indigenous vascular plants on Marion Island, the altitu-
dinal boundaries of the species recorded in 1965–66
(Huntley, 1970) were compared with their current altitu-
dinal boundaries. The 1965/66 surveys (abbreviated to
1966) comprised well-described protocols for sampling at
three different spatial scales: (1) Fine-scale altitudinal
transects (seven transects on a single volcanic scoria cone,
each spanning approximately 50–150 m elevation). (2)
Broad-scale altitudinal transects (four transects on differ-
ent aspects of the island, each spanning 4900 m eleva-
tion). (3) The entire island (maximum altitude of each
species across Marion Island, i.e. island-scale) (Huntley,
1970). Surveys at each of the three scales were repeated
between 2005 and 2007 (abbreviated to 2006), following
the methods of the original survey (Huntley, 1970).
Fine-scale observations of species’ upper altitudinal
limits were made for five common species along seven
5 m wide altitudinal transects. The transects were located
on seven different aspects (corresponding to the cardinal
and sub-cardinal directions) of Junior’s Kop, a relatively
large scoria cone on the island’s northeastern coastal plain
(see le Roux & McGeoch, 2008b for detailed description).
More than five species occur in these transects, but in 1966,
data were only collected for five species (Huntley, 1970).
Transects were intensively surveyed in April 2005 by
P. C. le Roux, with the placement and width of the
transects replicating the original study (Huntley, 1970) to
facilitate comparison of past and current altitudinal limits
(see Shoo et al., 2006). In addition, the presence of seabird
burrows in the scoria substrate was noted for each transect,
and compared to burrow density estimates from the same
area in 1979/80 (Schramm, 1986).
Broad-scale observations of species’ altitudinal limits
were made for 14 species along four 50 m wide altitu-
dinal transects (more species were present, but 1966
data were only available for 14 species; Huntley, 1970).
Surveys were conducted in April 2006 and April 2007,
and transects ran from the island’s interior plateau down
to sea level on different sides of the island (northern,
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eastern, southern and western aspects). The placement
and width of the transects again matched those of the
original transects surveyed by Huntley (1970). The
transects began above 900 m a.s.l. (the most recent
highest vascular plant record for the island was 840
m a.s.l.; Hedding, 2006), and the highest altitude at
which each species was observed was recorded. Two
observers surveyed each transect, paying particular
attention to microsites that were more likely to host
vascular plant species (including bird burrows and nests,
A. selago cushions and moss mats, streams and ponds,
caves and overhangs), and recorded the habitat of the
highest altitude individual for each species. Transects
were completed in 6–8.5 h and, therefore, represent
similar sampling effort as that of the original surveys.
The absolute (i.e. island-scale) upper altitudinal limits of
all 22 indigenous vascular plant species were determined
predominantly from the fine- and broad-scale transect
data, but also from ad hoc observations. It was not possible
to employ similar sampling effort at the island-scale
survey as in the 1966 survey, as the original data were
collected opportunistically over 16 months (Huntley, 1970).
Therefore, for 3 of the 22 species, we used recent high
elevation records taken by other researchers (Limosella
australis N. J. M. Gremmen 1998, A. selago D. W. Hedding
2004, Pringlea antiscorbutica J. E. Lee 2007).
Fine- and broad-scale transects were surveyed under
snow free conditions (or o5 mm snow cover at the top
of the transects), and without the knowledge of the
previous altitudinal limits of each species on each
transect to avoid biases in search effort. Altitude was
recorded using a barometric altimeter (Garmin Vista
Mono; Garmin International, Kansas, USA; all measure-
ments were taken within 4 h of calibration at a point of
known elevation) and confirmed by plotting each point’s
geographical co-ordinates on the most recent topographic
map (Marion Island 2005, Department of Environmental
Affairs and Tourism). The altitude measurements from
1966 were estimated to be accurate to within o15 m
(Huntley, 1970), and current measurements of altitude
are considered to be of similar accuracy.
We compared our results to the mean upslope migra-
tion rates of vascular plants in comparable assemblage
studies (i.e. all studies explicitly considering changes in
the upper altitudinal limits of multiple vascular plant
species, either by revisiting previously surveyed plots or
by comparison of past and present altitudinal limits;
Table 2). All available comparable data were from north-
ern and central Europe (this geographical bias was also
noted by Shoo & Williams, 2004 and Parmesan, 2006).
Changes in species’ lower altitudinal limits were
assessed by comparing the current (ad hoc surveys in
April of 2005, 2006 and 2007) and historic [1966; data
extracted from Huntley (1971) and supplemented with
records from Gremmen (1981)] species composition
between sea level and 55 m a.s.l. Lower altitudinal
boundary records were not available for the four rarest
species on the island (L. australis, Ranunculus moseleyi,
Elaphoglossum randii, Polystichum marionense), as these
species were not recorded in any past relevés (Huntley,
1971; Gremmen, 1981) or in our ad hoc sampling.
Analyses
The relationship between species richness and altitude
was calculated from the 1966 and 2006 island-scale data.
For these analyses, we assumed that all species are
present within all altitudinal bands (100 m elevation
intervals from 0 to 900 m a.s.l.) below their current
upper altitudinal limit. This assumption is believed to
be valid for all the vascular species on Marion Island,
and has been observed for the 14 most conspicuous
species (P. C. le Roux, personal observation). These data
were further analyzed using multivariate ordination to
describe changes in community composition. Presence/
absence data for each species for each altitudinal band
were analyzed using nonmetric multidimensional scal-
ing in Primer 5 (following e.g. Jurasinski & Kreyling,
2007). Without community reorganization (i.e. a uni-
form expansion in the altitudinal boundaries of all
species), the species composition within each altitudinal
band in 2006 would be expected to be similar to that of a
lower altitudinal band in 1966 (i.e. 500 m a.s.l. commu-




The mean upper altitudinal limit of the indigenous
vascular plant species on Marion Island increased be-
tween 1966 and 2006 at all three spatial scales examined
(Table 1). Across the entire island, the mean (  SE)
upper altitudinal limit of the vascular species expanded
upslope by 69.62  29.89 m over the 40-year period
(Wilcoxon matched pairs test: n 5 21, T 5 48.5,
P 5 0.035; Fig. 1, Table 1). This equates to an altitudinal
expansion of 1.8 m yr1 over the last four decades.
Considering only the species with ranges that expanded
upslope, the mean expansion rate was 3.4  0.8 m yr1.
The maximum altitudinal limit of vascular plant growth
(represented by A. selago) increased from 765 to 840 m
a.s.l. The altitudinal ranges of five species expanded by
450%, with four species expanding upslope by4200 m
over the period (Fig. 1, Table 1). All the 18 species for
which historic low altitude data were available were
present between 5 and 55 m a.s.l. in 1966 and in 2006.
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Therefore, none of these species experienced altitudinal
range contractions along their lower altitudinal bound-
aries of a magnitude similar to the mean altitudinal
range expansion along their upper boundaries.
Individual species change
At the island-scale (i.e. maximum upper altitudinal
limit across the entire island), 14 of the 21 species
responded as predicted, with just under half of the
native flora expanding upslope considerably (by
410% of their 1966 altitudinal range; Fig. 1). Although
the trend was thus for upslope range expansion, the
ranges of 24% of the flora contracted and 33% showed
little change (i.e. changing by o10% of their 1966
altitudinal range; Fig. 1). Furthermore, considering
the size as well as the direction of range changes,
species range expansion rates varied considerably
Table 1 Changes in the upper altitudinal limits of the indigenous vascular plant species on Marion Island at three spatial scales












Callitrichaceae Callitriche antarctica Engelm. Biotic 0 203.6  205.0
Poaceae Poa cookii Hook. f. Moss 69 67.5  26.7 1.4  13.4
Portulacaceae Montia fontana L. Biotic 27 52.0  33.5 66.0  13.5
Halophilous
Asteraceae Cotula plumosa Hook. f. Salt-spray 16 24.9  6.2
Crassulaceae Crassula moschata Forst. f. Salt-spray 25 28.5  11.8
Hygrophilous
Cyperaceae Uncinia compacta R. Br. Mesic 89 79.5  17.3
Juncaceae Juncus scheuchzerioides Gaud. Mesic 116 81.4  19.3
Ranunculaceae Ranunculus moseleyi Hook. f. n/aw
Scrophulariaceae Limosella australis R.Br. n/a 10
Generalists
Apiaceae Azorella selago Hook. f. z 75 28.4  16.8 40.6  8.5
Aspidiaceae Polystichum marionense Alston &
Schelpe
Rock 5
Blechnaceae Blechnum penna-marina (Poir.)
Kuhn.
146 157.0  16.5 76.4  8.3
Brassicaceae Pringlea antiscorbutica R.Br. 234 44.3  92.3
Caryophyllaceae Colobanthus kerguelensis Hook. f. Azorella 275
Grammitidaceae Grammitis kerguelensis Tard. Rock 257 123.4  109.7
Hymenophyllaceae Hymenophyllum peltatum (Poir.)
Desv.
Rock 146
Lycopodiaceae Lycopodium magellanicum Sw. 388
Lycopodiaceae Lycopodium saururus Lam. Azorella 126
Poaceae Agrostis magellanica Lam. 158 151.5  17.0 60.3  9.5
Polypodiaceae Elaphoglossum randii Alston &
Schelpe
n/a 110
Ranunculaceae Ranunculus biternatus Sm. 24 71.1  30.7
Rosaceae Acaena magellanica (Lam.)
Vahl.
Azorella 22 42.5  71.0
Mean  SE 69.9  29.9 55.0  16.5 48.9  13.2
Species are split by habitat requirements. The five species that dominate vascular plant biomass and cover on the island are
highlighted in bold.
*A habitat association was considered dominant if the species was associated with that habitat in the broad-scale transects at its
upper altitudinal limit in more than half of the transects where the species was observed (complete data in Table A1),
wn/a, species not recorded in the transects.
zEmpty cells indicate that the species was observed growing in the substrate, away from any of the microsite types considered here.
Azorella, growing epiphytically on an Azorella selago plant; biotic, habitats enriched by seabird or seal manuring; mesic, habitats with
high soil moisture including mires and ponds; moss, growing in a moss mat; rock, growing directly onto rock faces or rock
overhangs.
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(197% coefficient of variation of changes in upper
altitudinal boundary). The five species that dominate
vascular plant biomass on the island on average
expanded their upslope boundary by more than the
mean for the entire flora (92.0  25.9 m; Fig. 1; Table 1).
The range changes of three habitat specialist species
subsets were, however, not significantly different from
each other or from the remaining species (Kruskal–
Wallis ANOVA, H3,21 5 2.70, P 5 0.44; Table 1). Species
associated with high moisture conditions expanded
upslope by as much as the entire flora (71.7  31.8 m,
n 5 3), although one of the aquatic species, R. moseleyi,
was not observed during 2006 (Table 1). Coprophilous
species on average also extended their upper altitudinal
boundary (32.0  20.1 m, n 5 3), although by less than
the mean for the entire flora. By contrast, the species
restricted to habitats receiving salt-spray exhibited a net
range contraction (20.5  4.5 m, n 5 2).
At the intermediate spatial scale surveyed (i.e. on four
broad-scale altitudinal transects), the upper altitudinal
limit of indigenous vascular plants also expanded up-
slope, with significant expansions of 60.2  23.0 m
(paired t-test: t 5 2.62, n 5 12, Po0.025) on the southern
and 106.3  23.5 m (t 5 4.01, n 5 13, Po0.01) on the east-
ern transects. Mean upslope range expansions were also
positive, but nonsignificant, for the northern
(29.6  47.3 m, n 5 11) and western (40.58  24.0 m,
n 5 11) transects. Of the 14 species for which data were
available in both periods, 7 species expanded their alti-
tudinal ranges upslope in all the transects on which they
were recorded (e.g. Ag. magellanica; Fig. 2a). By contrast,
four shifted downslope in one transect (but upslope in
others) (e.g. Montia fontana; Fig. 2b), and the ranges of
only three species contracted in two or more transects.
In the broad-scale altitudinal transects, some species
were strongly associated with specific habitats at their
upper altitudinal limits (Table 1; full data in Table A1).
Notably, two species were strongly associated with
biotically influenced habitats, while another five were
more weakly associated with this habitat. Furthermore,
at their upper altitudinal limits another two species
were associated with moist habitats, one with moss mats
and three with A. selago (growing as epiphytes on the
plant) (Table 1). Therefore, many species (including
habitat generalists) showed clear habitat associations at
their upper altitudinal boundaries.
At the finest spatial scale surveyed (i.e. a single scoria
cone), the upper altitudinal limit increased for three of
the five recorded species (Ag. magellanica, A. selago,
B. penna-marina) in all seven altitudinal transects over
the period of comparison (Wilcoxon matched pairs test:
all n 5 7, Po0.02; Table 1, see e.g. Fig. 2c). The potential
size of the upslope expansions by these species at a fine



















































































Fig. 1 Changes in the upper altitudinal boundaries of the indigenous vascular flora of Marion Island between 1966 and 2006. Points
represent the size of a range boundary change equivalent to 10% of the species altitudinal range in 1966. For example, Uncinia compacta
has expanded upslope by 89 m, a change far exceeding 10% (38 m) of its 1966 altitudinal range. The dashed line represents the mean
change in the upper altitudinal boundary for the flora. Shaded bars are those species that dominate vascular plant biomass.
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top of the scoria cone on some transects and were,
therefore, physically limited in the extent to which they
could potentially move further upslope (Fig. 2c). In
contrast, the two coprophilous species that were sur-
veyed in the fine-scale altitudinal transects did not
spread upslope on all transects: M. fontana increased
its upper altitudinal limit on five of the seven transects
(n 5 5, Po0.05; Table 1), but was absent on the other
two transects despite being present there during the
1966 survey. The other coprophilous species, P. cookii,
expanded its altitudinal boundary on five transects
(range 1–32 m) but contracted on the other two transects
(range 10–72 m), resulting in a mean upslope expansion
of 1.4  13.4 m (n 5 7, P 5 ns; Fig. 2d). No bird burrows
were observed in the scoria slopes in these fine-scale
altitudinal transects demonstrating a current absence of
manuring on these slopes.
Community change
Altitudinal variation in species richness changed con-
siderably between 1966 and 2006 with species richness
increasing at most altitudes (Fig. 3). The apparent
downslope range contraction of two species (E. randii
and R. moseleyi, both of which are rare and cryptic) has
driven a drop in species richness between sea level and
300 m a.s.l., while the range expansion of other species
has increased species richness at higher altitudes. Most
noticeable is the increase in the species richness above
600 m a.s.l., rising from one to seven species.
Community composition differed in all (except the
highest) altitudinal bands between 1966 and 2006 (Fig.
4). Furthermore, the current species composition within
most altitudinal bands is not similar to the past species


















































Fig. 2 Examples of variation in the upper altitudinal shifts of four species, using data from the broad-scale (a, b) and the fine-scale (c, d)
altitudinal transects. Empty symbols: 1966, filled symbols: 2006. For clarity, arrows are drawn to indicate the direction of the shift. In
parts (c) and (d), the solid line indicates the maximum altitude of the scoria cone on that transect. Symbols lying on the line indicate that
the species is growing at the physical limit (peak) of the scoria cone on that transect.

























Fig. 3 Differences in indigenous vascular plant species richness
across altitude between 1966 and 2006. The slope of the relation-
ship between species richness and altitude was not significantly
different between 1966 (slope  SE 50.031  0.002) and 2006
(0.026  0.002) (t 5 0.031, df 5 14, P 5 0.17).
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cluster with 1966 points from lower altitudes and the
direction of change in community composition was not
towards the composition of lower altitudinal bands
from the first survey period; Fig. 4). The largest differ-
ences between past and present community composi-
tion were found at intermediate and high altitudes
(between 400 and 700 m a.s.l.). At these altitudes, the
differences in community composition were larger
between years (i.e. comparing the species present with-
in the 400 m altitudinal band between 1966 and 2006)
than between altitudinal bands (i.e. comparing the
species composition within the 400 and 500 m bands
in 1966 or 2006; Fig. 4).
Discussion
The native vascular flora of Marion Island has under-
gone a rapid expansion in altitudinal range over the last
40 years. Species have expanded their upper elevational
boundaries by an average of 70 m in response to a
temperature increase of 1.2 1C. The mean expansion
rate of species with expanding distributions was parti-
cularly rapid at 3.4  0.8 m yr1, a rate matched by only
a single comparable study (Table 2). This rate is also
much greater than the only other estimate of upslope
range expansion available for plants in the southern
hemisphere (Wardle & Coleman, 1992). Because the
observed upslope expansion was not matched by a
similar change in lower range boundaries, the flora of
Marion Island has undergone range expansion rather
than a range shift. This change is considered to repre-
sent long-term species range expansions because the
highest altitude individuals of all the species were adult
plants, many of which bore flowers or seeds (P. C. le
Roux, personal observation). These changes in species
distributions are, thus apparently not a temporary
response to short-term favorable weather, but rather
represent an established presence at higher altitudes in
several species.
While the flora’s average response to warming was
upslope expansion, individual species responses varied
considerably. In particular, only a relatively small propor-
tion of species actually expanded their distributions up-
slope. Indeed, the 43% of species in the flora that clearly
conformed with the prediction of upslope expansion is
somewhat lower than the 54–69% of species estimated
from partial floras elsewhere (Table 2). The upslope
expansion of a portion of the island’s flora was, therefore,
strong enough to dominate the mean trend, overwhelm-





























Fig. 4 Nonmetric multidimensional scaling ordination of the
indigenous vascular plant communities on Marion Island in
100 m altitudinal bands (the maximum altitude in each band
labeled on the ordination) for the two survey periods (1966:
empty symbols, 2006: filled symbols). The three points circled by
the dashed ellipse overlapped (900 m from 2006 and 800 m from
1966 overlapped completely) and have been moved slightly for
clarity. Arrows indicate the direction in which community
composition has changed (stress 5 0.01).
Table 2 Upslope expansion rates from comparable studies examining changes in the upper altitudinal boundaries of multiple






(years) Species included in analyses
Upslope expansion
rate (mean; m yr1)
Kullman (2006) 14–26 49 Only species that shifted upslope
(two mountains considered)
3.4–4.5
Walther et al. (2005) 18 92 Only species that shifted upslope 2.8
Klanderud & Birks (2003) 60 68 Only species that shifted upslope
(53.5% of 112 species examined)
1.2
Holzinger et al. (2007) 140 85–120 All species, irrespective of size or
direction of shift
0.2
Holzinger et al. (2007) 97 Only species that shifted upslope
(69% of species examined)
0.5*
Grabherr et al. (1994) 9 70–90 Only species that shifted upslope 0.1
*Calculated from Appendix A.
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Island, the global fingerprint of warming has been driven
by a highly responsive subset of the species pool.
In addition to species-specific responses, the flora’s
response to warming was slower than predicted on the
basis of the rise in temperature alone. As mean annual
temperature has increased from 5.3 1C in the 1960s to
6.5 1C in the late 1990s (le Roux & McGeoch, 2008a),
isotherms on the island have shifted upslope by
roughly 284 m (estimated from the mean of summer
and winter lapse rates from the island; Schulze, 1971).
However, only six species increased their altitudinal
ranges by even half this distance (although, surpris-
ingly, the upper altitudinal limit of Lycopodium magella-
nicum increased by nearly 50% more than expected on
the basis of temperature alone; see Dubey et al. (2003)
for a similar result). Thus, in agreement with previous
studies (e.g. Klanderud & Birks, 2003; Danby & Hik,
2007), the size of the range shift was species-specific and
lagged behind the maximum potential distribution
change.
Strong species–habitat associations could be an im-
portant cause of the lagged and species-specific rates of
range expansion. Indeed, related studies have shown
that in some taxa the distributions of habitat generalists
have expanded more rapidly in response to rising
temperatures than those of habitat specialists (e.g.
Warren et al., 2001). This is consistent with the distribu-
tional changes on Marion Island, because the six species
with the largest upslope expansions were all habitat
generalists. However, while halophilous species ranges
contracted downslope and coprophilous species
expanded upslope relatively slowly, not all habitat
specialists had large temporal lags in upslope range
expansion. Indeed, the altitudinal distribution of hygro-
philous species expanded upslope at a rate similar to
the habitat generalists. Nonetheless, even some of the
habitat generalist species were clearly associated with
specific habitats at their upper altitudinal limits (espe-
cially nutrient-enriched and moist microsites, A. selago
cushion plants and moss mats). These habitats, there-
fore, appear to be disproportionately important for the
recruitment of many species at their altitudinal limits.
The habitats in question are comparatively scarce and
patchily distributed at high altitudes on sub-Antarctic
islands, suggesting that the presence of particular mi-
crosite conditions may be necessary for the upslope
spread of some species (Hill et al., 2002). As a result,
on Marion Island, differences in upslope range expan-
sion rates between species could be related to the
availability of suitable establishment sites for each
species. Habitat specialists may thus experience a great-
er temporal lag as a consequence of lower probabilities
of finding appropriate habitats relative to habitat
generalists.
Species-specific rates of range expansion have prob-
ably also been influenced by concurrent changes in
other environmental factors, that have altered the avail-
ability of some habitat types (e.g. Warren et al., 2001).
Indeed, the biological consequence of concurrent envir-
onmental changes appears to be well-illustrated by
range contractions in the island’s two halophilous plant
species, Cotula plumosa and Crassula moschata. These two
species, generally restricted to coastal habitats that
regularly experience wind-blown salt-spray (Huntley,
1971; Gremmen, 1981), have both experienced altitudi-
nal range retraction since 1966. This may be the result of
a decrease in mean wind speed on the island since the
mid-1980s (le Roux & McGeoch, 2008a) causing a re-
duction in the extent of the area receiving salt-spray
(as predicted for the salt-spray vegetation under a
scenario of weaker winds; Smith et al., 2001), driving a
downslope contraction in their distribution. Thus, dif-
ferential sensitivity to multiple environmental changes,
expressed through species habitat requirements, may be
partly responsible for species-specific range changes.
The coprophilous plant species on the island are also
habitat specialists that suffered a decline in habitat
availability, in this case as a result of predation of
seabirds by introduced feral cats (Williams, 1978; Smith
et al., 2001). Indeed, the absence of bird burrows within
the scoria slopes in the fine-scale altitudinal transects
contrasts strongly with Schramm’s (1986) estimates of
densities of 410 burrows ha1 on the same scoria slopes
in 1979/80, illustrating the severity of the feral cats’
impact on Marion Island’s seabird population (see also
Williams, 1978). There has, thus, been a significant
reduction in the density of seabird burrows (and there-
fore associated manuring) on the scoria cone over 26
years. Although the negative consequences of reduced
seabird manuring for coprophilous plant species were
evident on some transects (partial or complete altitudi-
nal range retraction), it was surprising that these species
did not suffer larger and more uniform downslope
range contraction. This suggests that seabird abundance
(and therefore manuring) was less affected by cat pre-
dation at higher altitudes than at lower altitudes.
Indeed, most studies concluded that cats were scarce
above 500 m a.s.l. on Marion Island (Bloomer & Bester,
1992). However, as the seabird species that nest at
higher altitudes (van Zinderen Bakker, 1971) were a
dominant prey of the cats on the island (Bloomer &
Bester, 1990), the likelihood of this explanation is un-
certain. Nonetheless, the loss of M. fontana from two
transects and the downslope range contraction of
P. cookii on two of the seven fine-scale transects, suggests
that the decrease in seabird abundance (as observed
from lower burrow densities on the scoria cone) has
negatively impacted their distributions. Sixteen years
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after their eradication, the biological consequences of the
introduction of cats to Marion Island are still apparently
evident in a component of the island’s vegetation.
The effects of feral cats might also be manifest in
the slower-than-expected rates of upslope range expan-
sion by the plant community, as seabirds can be
important propagule vectors in the sub-Antarctic
(Scott, 1990; Hennion & Walton, 1997). For example,
Uncinia compacta and Ac. magellanica seeds have mor-
phological features favoring animal dispersal (Hennion
& Walton, 1997), while various other species (including
M. fontana) are thought to be dispersed by gulls, skuas
or giant petrels within and between sub-Antarctic
islands (Bergstrom & Smith, 1990; Scott, 1990; Ryan
et al., 2003). In particular, the decline in the abundance
of sub-Antarctic skuas (Catharacta antarctica) on Marion
Island, as well as a shift in their distribution away from
inland areas [due to competition for prey with cats
(Hunter, 1990)] could represent a reduction in vector-
borne dispersal for plant species, particularly as skuas
can transport plant material for nest building over large
distances (see e.g. Smith, 1982; Scott, 1990). Therefore,
both decreased habitat and dispersal vector availability
may have constrained the upslope range expansion of
some species, contributing to species-specific lags in
upslope range expansion.
As a result of species-specific range changes, the
altitudinal patterns of species richness and community
composition also changed between 1966 and 2006. The
present species composition of communities at higher
altitudes is not an analogue of past community compo-
sition at lower altitudes, but rather constitutes a histori-
cally unique combination of species. For example,
Grammitis kerguelensis, Colobanthus kerguelensis and
P. antiscorbutica have all extended their ranges upslope
by 4200 m elevation, contributing to novel combina-
tions of species at higher altitudes. Indeed the greatest
changes in community composition appear to be at
mid- and high altitudes (400–700 m a.s.l.), correspond-
ing to the altitudes that have experienced the greatest
increase in species richness.
Both species- and community-level changes were
observed in the flora of Marion Island over a period
of rapid warming. This demonstrates the strong sensi-
tivity of sub-Antarctic vegetation to climate change
(as shown by le Roux et al., 2005 and suggested by
Scott, 1990; Chown & Smith, 1993; Smith et al., 2001;
Chapuis et al., 2004). While on average the flora
expanded upslope significantly, altitudinal range
changes were highly species-specific. This idiosyncrasy
in species responses led to the formation of no-analog
communities and altered the altitudinal pattern of spe-
cies richness. Furthermore, as less than half of the
species were responsible for the upslope expansion
trend, the global fingerprint of warming may thus be
driven by a highly responsive subset of the species pool.
Acknowledgements
Mawethu Nyakatya and Tshililo Ramaswiela are thanked for
assistance in the field, and Niek Gremmen, Dave Hedding, Jen
Lee, Ethel Phiri, Tshililo Ramaswiela and Valdon Smith for
providing records of high altitude observations. K. J. Gaston
and T. C. Wossler provided useful discussion of earlier drafts of
this manuscript. Financial support was provided by the South
African National Research Foundation, the South African
National Antarctic Program (Grant no. 2069543 and SNA
2004070900002) and the University of Stellenbosch.
References
Archaux F (2004) Breeding upwards when climate is becoming
warmer: no bird response in the French Alps. Ibis, 146,
138–144.
Bergstrom DM, Chown SL (1999) Life at the front: history,
ecology and change on Southern Ocean islands. Trends in
Ecology & Evolution, 14, 472–477.
Bergstrom DM, Smith VR (1990) Alien vascular flora of Marion
and Prince Edward Islands: new species, present distribution
and status. Antarctic Science, 2, 301–308.
Bloomer JP, Bester MN (1990) Diet of a declining feral cat Felis
catus population on Marion Island. South African Journal of
Wildlife Research, 20, 1–4.
Bloomer JP, Bester MN (1992) Control of feral cats on sub-
Antarctic Marion Island, Indian Ocean. Biological Conservation,
60, 211–219.
Burger AE, Lindeboom HJ, Williams AJ (1978) The mineral and
energy contributions of guano of selected species of birds to
the Marion Island terrestrial ecosystem. South African Journal of
Antarctic Research, 8, 59–70.
Cannone N, Sgorbati S, Gugfielmin M (2007) Unexpected
impacts of climate change on alpine vegetation. Frontiers in
Ecology and the Environment, 5, 360–364.
Chapuis J-L, Frenot Y, Lebouvier M (2004) Recovery of native
plant communities after eradication of rabbits from the sub-
antarctic Kerguelen Islands, and influence of climate change.
Biological Conservation, 117, 167–179.
Chown SL, Smith VR (1993) Climate change and the short-term
impact of feral house mice at the sub-Antarctic Prince Edward
Islands. Oecologia, 96, 508–516.
Croll DA, Maron JL, Estes JA, Danner EM, Byrd GV (2005)
Introduced predators transform subarctic islands from grass-
land to tundra. Science, 307, 1959–1961.
Danby RK, Hik DS (2007) Variability, contingency and rapid
change in recent subarctic alpine tree line dynamics. Journal of
Ecology, 95, 352–363.
Davis AJ, Lawton JH, Shorrocks B, Jenkinson LS (1998) Indivi-
dualistic species responses invalidate simple physiological
models of community dynamics under global environmental
change. Journal of Animal Ecology, 67, 600–612.
Davis MB, Shaw RG (2001) Range shifts and adaptive responses
to Quaternary climate change. Science, 292, 673–679.
B I O T I C R E S P O N S E O F A F L O R A T O C L I M AT E WA R M I N G 2959
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2950–2962
Dubey B, Yadav RR, Singh J, Chaturvedi R (2003) Upward shift
of Himalayan pine in Western Himalaya, India. Current Science
(Bangalore), 85, 1135–1136.
Franco AMA, Hill JK, Kitschke C et al. (2006) Impacts of climate
warming and habitat loss on extinctions at species’ low-
latitude range boundaries. Global Change Biology, 12, 1545–
1553.
Grabherr G, Gottfried M, Pauli H (1994) Climate effects on
mountain plants. Nature, 369, 448.
Gremmen NJM (1981) The Vegetation of the Sub-Antarctic Islands,
Marion and Prince Edward. Junk, the Hague.
Gremmen NJM (1997) Changes in the vegetation of sub-Antarc-
tic Marion Island resulting from introduced vascular plants.
In: Antarctic Communities: Species, Structure and Survival (eds
Battaglia B, Valencia J, Walton DWH), pp. 417–423. Cambridge
University Press, Cambridge.
Gremmen NJM, Smith VR (1999) New records of alien vascular
plants from Marion and Prince Edward Islands, sub-Antarctic.
Polar Biology, 21, 401–409.
Gremmen NJM, Smith VR (2004) The Flora of Marion and Prince
Edward Islands. Data Analyse Ecologie. Diever, the
Netherlands.
Hedding DW (2006) Geomorphology and geomorphological responses
to climate change in the interior of sub-Antarctic Marion Island.
MSc thesis, University of Pretoria, Pretoria.
Hennion F, Walton DWH (1997) Ecology and seed morphology
of endemic species from Kerguelen Phytogeographic Zone.
Polar Biology, 18, 229–235.
Hill JK, Thomas CD, Fox R, Telfer MG, Willis SG, Asher J,
Huntley B (2002) Responses of butterflies to twentieth century
climate warming: implications for future ranges. Proceedings of
the Royal Society of London. Series B: Biological Science, 269,
2163–2171.
Holzinger B, Hülber K, Camenisch M, Grabherr G (2007)
Changes in plant species richness over the last century in the
eastern Swiss Alps: elevational gradient, bedrock effects and
migration rates. Plant Ecology, 195, 179–196.
Hunter S (1990) The impact of introduced cats on the predator-
prey interactions of a sub-Antarctic avian community. In:
Antarctic Ecosystems: Ecological Change and Conservation (eds
Kerry KR, Hempel G), pp. 365–371. Springer-Verlag, Berlin.
Huntley B (1991) How plants respond to climate change—
migration rates, individualism and the consequences for plant
communities. Annals of Botany, 67 (Suppl. 1), 15–22.
Huntley BJ (1970) Altitudinal distribution and phenology of
Marion Island vascular plants. Tydskrif vir Natuurwetenskap,
10, 255–262.
Huntley BJ (1971) Vegetation. In: Marion and Prince Edward
Islands: Report on the South African Biological and Geological
Expeditions, 1965–1966 (eds van Zinderen Bakker EM Sr, Win-
terbottom JM, Dyer RA), pp. 98–160. A.A. Balkema, Cape
Town.
Jurasinski G, Kreyling J (2007) Upward shift of alpine plants
increases floristic similarity of mountain summits. Journal of
Vegetation Science, 18, 711–718.
Klanderud K, Birks HJB (2003) Recent increases in species
richness and shifts in altitudinal distributions of Norwegian
mountain plants. Holocene, 13, 1–6.
Konvicka M, Maradova M, Benes J, Fric Z, Kepka P (2003) Uphill
shifts in distribution of butterflies in the Czech Republic:
effects of changing climate detected on a regional scale. Global
Ecology and Biogeography, 12, 403–410.
Kullman L (2002) Rapid recent range-margin rise of tree and
shrub species in the Swedish Scandes. Journal of Ecology, 90,
68–77.
Kullman L (2006) Long-term geobotanical observations of cli-
mate change impacts in the Scandes of West-Central Sweden.
Nordic Journal of Botany, 24, 445–467.
le Roux PC, McGeoch MA (2008a) Changes in climate extremes,
variability and signature on sub-Antarctic Marion Island.
Climatic Change, 86, 309–329.
le Roux PC, McGeoch MA (2008b) Spatial variation in plant
interactions across a severity gradient in the sub-Antarctic.
Oecologia, 155, 831–844.
le Roux PC, McGeoch MA, Nyakatya MJ, Chown SL (2005)
Effects of simulated climate change on a keystone plant species
in the sub-Antarctic. Global Change Biology, 11, 1628–1639.
McDougall I, Verwoerd WJ, Chevallier L (2001) K-Ar geochro-
nology of Marion Island, Southern Ocean. Geological Magazine,
138, 1–17.
McGeoch MA, le Roux PC, Hugo EA, Chown SL (2006) Species and
community responses to short-term climate manipulation: micro-
arthropods in the sub-Antarctic. Austral Ecology, 31, 719–731.
Norton DA, Delange PJ, Garnock-Jones PJ, Given DR (1997) The
role of seabirds and seals in the survival of coastal plants:
lessons from New Zealand Lepidium (Brassicaceae). Biodiver-
sity and Conservation, 6, 765–785.
Parmesan C (2006) Ecological and evolutionary responses to
recent climate change. Annual Review of Ecology, Evolution,
and Systematics, 37, 637–669.
Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate
change impacts across natural systems. Nature, 421, 37–42.
Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds
JA (2003) Fingerprints of global warming on wild animals and
plants. Nature, 421, 57–60.
Rouault M, Mélice J-L, Reason CJC, Lutjeharms JRE (2005)
Climate variability at Marion Island, Southern Ocean,
since 1960. Journal of Geophysical Research-Oceans, 110,
C05007.1- C05007.9.
Ryan PG, Smith VR, Gremmen NJM (2003) The distribution and
spread of alien vascular plants on Prince Edward Island.
African Journal of Marine Science, 25, 555–562.
Saetersdal M, Birks HJB (1997) A comparative ecological study of
Norwegian mountain plants in relation to possible future
climatic change. Journal of Biogeography, 24, 127–152.
Schramm M (1986) Burrow densities and nest site preferences of
petrels (Procellariidae) at the Prince Edwards Islands. Polar
Biology, 6, 63–70.
Schulze BR (1971) The climate of Marion Island. In: Marion and
Prince Edward Islands: Report on the South African biological and
Geological Expeditions, 1965–1966 (eds van Zinderen Bakker EM
Sr, Winterbottom JM, Dyer RA), pp. 16–31. A.A. Balkema,
Cape Town.
Scott JJ (1990) Changes in vegetation on Heard Island 1947–1987.
In: Antarctic Ecosystems: Ecological Change and Conservation (eds
Kerry KR, Hempel G), pp. 61–76. Springer-Verlag, Berlin.
2960 P. C . l e R O U X & M . A . M C G E O C H
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2950–2962
Shoo LP, Williams SE, Hero J-M (2006) Detecting climate change
induced range shift: where and how should we be looking?
Austral Ecology, 31, 22–29.
Shoo LP, Williams Y (2004) Altitudinal distribution and abun-
dance of microhylid frogs (Cophixalus and Austrochaperina) of
north-eastern Australia: baseline data for detecting biological
responses to future climate change. Australian Journal of Zool-
ogy, 52, 667–676.
Smith RIL (1982) Farthest south and highest occurrences of
vascular plants in the Antarctic. Polar Record, 21, 170–173.
Smith VR (1976a) The effect of burrowing species of Procellar-
iidae on the nutrient status of inland tussock grasslands on
Marion Island. Journal of South African Botany, 42, 265–272.
Smith VR (1976b) Standing crop and nutrient status of Marion
Island (sub-Antarctic) vegetation. Journal of South African Bot-
any, 42, 231–263.
Smith VR (1978) Animal–plant–soil nutrient relationships on
Marion Island (Subantarctic). Oecologia, 32, 239–253.
Smith VR (2002) Climate change in the sub-Antarctic: an illus-
tration from Marion Island. Climatic Change, 52, 345–357.
Smith VR, Steenkamp M (1990) Climatic change and its ecologi-
cal implications at a sub-Antarctic island. Oecologia, 85, 14–24.
Smith VR, Steenkamp M, Gremmen NJM (2001) Terrestrial
habitats on sub-Antarctic Marion Island: their vegetation,
edaphic attributes, distribution and response to climate
change. South African Journal of Botany, 67, 641–654.
Tryjanowski P, Sparks TH, Profus P (2005) Uphill shifts in the
distribution of the white stork Ciconia ciconia in southern
Poland: the importance of nest quality. Diversity and Distribu-
tions, 11, 219–223.
van Zinderen Bakker EM Jr (1971) Comparative avian ecology.
In: Marion and Prince Edward Islands: Report on the South African
Biological and Geological Expeditions, 1965–1966 (eds van Zin-
deren Bakker EM Sr, Winterbottom JM, Dyer RA), pp. 161–172.
A.A. Balkema, Cape Town.
Walther G-R (2004) Plants in a warmer world. Perspectives in
Plant Ecology, Evolution and Systematics, 6, 169–185.
Walther G-R, Beissner S, Burga CA (2005) Trends in the upward
shift of alpine plants. Journal of Vegetation Science, 16, 541–548.
Wardle P, Coleman MC (1992) Evidence for rising upper limits of
4 native New Zealand forest trees. New Zealand Journal of
Botany, 30, 303–314.
Warren MS, Hill JK, Thomas JA et al. (2001) Rapid responses of
British butterflies to opposing forces of climate and habitat
change. Nature, 414, 65–69.
Williams AJ (1978) Mineral and energy contributions of petrels
Procellariiformes killed by cats to the Marion Island terrestrial
ecosystem. South African Journal of Antarctic Research, 8,
49–53.
Williams JW, Jackson ST (2007) Novel climates, no-analog com-
munities, and ecological surprises. Frontiers in Ecology and the
Environment, 5, 475–482.
Wilson RJ, Gutiérrez D, Gutiérrez J, Martı́nez D, Agudo R,
Monserrat VJ (2005) Changes to the elevational limits and
extent of species ranges associated with climate change. Ecol-
ogy Letters, 8, 1138–1146.
Wilson RJ, Gutiérrez D, Gutiérrez J, Monserrat VJ (2007) An
elevational shift in butterfly species richness and composition
accompanying recent climate change. Global Change Biology, 13,
1873–1887.
B I O T I C R E S P O N S E O F A F L O R A T O C L I M AT E WA R M I N G 2961
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2950–2962
Appendix A




East North West South
Coprophilous
Callitriche antarctica Biotic Biotic Biotic Biotic
Montia fontana Biotic Biotic; Moss Biotic Biotic
Poa cookii Azorella Moss Biotic; Moss Moss; Azorella
Hygrophilous
Juncus scheuchzerioides Mesic Mesic Mesic Mesic; Biotic
Limosella australis n/a n/a n/a n/a
Ranunculus moseleyi n/a n/a n/a n/a





Acaena magellanica Biotic; Azorella Mesic; Azorella Mire Azorella
Agrostis magellanica Biotic Moss Azorella
Azorella selago
Blechnum penna-marina
Colobanthus kerguelensis Azorella Azorella Azorella Azorella
Grammitis kerguelensis Rock Rock Rock Rock
Hymenophyllum peltatum Rock n/a n/a n/a
Lycopodium magellanicum Biotic Azorella
Lycopodium saururus Azorella Azorella Azorella
Polystichum marionense Rock n/a n/a Rock
Pringlea antiscorbutica Stream bank n/a
Ranunculus biternatus Mesic; Azorella Moss; Biotic Azorella Moss; Mesic
Empty cells indicate that the species was observed growing in the substrate, away from any of the habitat types considered here.
n/a, the species was not observed on that transect; Azorella, growing epiphytically on an Azorella selago plant; biotic, habitats
enriched by seabird or seal manuring; mesic, habitats with high soil moisture including mires and ponds; moss, growing in a moss
mat; rock, growing directly onto rock faces or rock overhangs.
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